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1. INTRODUCTION

During this reporting period, we have concentrated our efforts on
increasing the mode conversion efficiency in our magneto-optic thin film
waveguides by periodic reversals of the magnetization along .he direction of
prepagation of light. we have implemented this principle following two
different approaches: (i) wusing an electrical serpentine circuit, which
was first introduced by Tienl and (ii) using a novel periodic permalloy
structure,

Section 11 summarizes a theoretical analysis of mode conversion in
bulk crystals exhibiting both Faraday rotation an¢ birefringence, as worked
out by Tabor and Chenz, and extended to the case of periodic magnetization
reversals. The theory is expected to be readily applicable to mode
conversion in magneto-optic waveguides, where the intrinsic mismatch between
TE and TM modes plays the role of an effective birefringence.

Our experimental results are discussed in Section III. The design of
our elec.rical serpentine circuit, although crude, enabled us to verify
Tabor's theoretical formulation and o observe a DC conversion efficiency
of 92%.

The remainder of tha section is devoted to the discussion of a novel
method to implement periodic reversals of the magnetization, ii which the
magneto-optic waveguide is ubjected to the field generated by a properly

biased periodic permalloy structure. Using this technique, we have observed

80% conversion efficiency at the time of this writinu.

T gl g e




I1. THEORETICAL ANALYSIS

The problem of Faraday rotation in birefringent media has been studied
in the case of bulk magneto-optic crystals described by the following

. A 2
dielectric tensor :

i b
€y jé 0
= -
lelt = |56 &, o o
0 0 €
4
L -

The off-diagonal element § changes its sign upon reversal of the applied
magnetic field H.
Electromagnetic wave propagation along the z-axis is written in the form

of a matrix r-~lation:

| Ex(zz) Ex(zl)

2 (2)
Ey(zz) Ey(zl)

T is a 2x2 transmission matrix which takes into account the birefringence

and magneto-optic properties of the crystal:

3 cos ¢/2 - § cos X sin ¢/2 -sin x sin ¢/2
d e
sin X sin ¢/2 cos ¢/2 + j cos x sin ¢/2
(3) 7
where
¢ = AR (zz—zl) (4a)
y e 172
AR = ko(ex ey ) (4b)
20 2
cos X = (1 -a’)/(1 + a”) (4c)
sin x = 20/(1 + a2) (4d)




. i ’ (e 2.1/2
a = 26/{(cx ey) [(cx cy) + 486°) } (4e)

It follows that a, and therefore X+ change their sign upon reve.,sal of the

applied magnetic field.

The foregoing analysis can be expected to be directly applicable to the

F case of magneto-optic film waveguides, provided that electromagnetic fields

be well confined within the film, i.e. that the quided modes of interest

be sufficiently above cutoff. The mismatch AB is .ow defired as the differ-

ence in the propagation constants of TE and TM modes:

4B = BTE = BTM (5)

It is shown in the Appendix that this matrix formulation gives exactly

the same result for the mode conversion effiziency R as that obtained from

coupled mode theory:3

R(z) = (1 + 8% ginpye 1+ 832, (6)

where Yy is the "coupling strength" or optical rotatory power and the

coefficient B is defined by:

B = AR/2y (7) :

Because of the intrinsic Phase mismatch AB between TE and TM modes, the

maximum conversion efficiency is limited to tipically a few percent in

:
magneto-nptic waveguides. It is known that this limitation can be overcome
by periodically reversing the magnetization along the light propagation path g

at locations where the phase difference ¢ between "free" and "forced" waves




reaches n (or a multiple thereof)l. From Eq. (4a) we obtain:

Az = (A/2) = m/AB (8)

The transmission matrix T in Eq. (2} will now be equal to a product of

partial matrices:

+ A - A + A =\
RN (ST ) T ) T 3 ... (9)
.
one period ore period
where T+(A/2) and T (A/2) correspond to Propagation over a half period

(A72) = 1/08 for a longitudinal field in the positive and negative directions,

respectively. Expressions for therc matrices are obtained by setting

$ =7 in Eq. (3):
- -Jjcosy -siny 3 -jcosy siny
T (A/2) = and T (A/2) =
siny jcosy -siny j cosy
(10)

If magnetization reversals are repeated over m periods, matrix multiplication

- . ! g : m
carried out m times in Eq. (9) gives a total tran.mission matrix T( ):

Cos 2my j sir 2my

j sin 2my cos 2my (11)
If the wuve is originally polarized in the x-direction (say TE mode with

Ey(O) = 0), one obtains from Egs. (2) and (11):

E_ () = (-1)™ 3 sin 2my E, (0) (12)

The coaversion efficiency can in Principle reach 100% after a sufficient

number of periodic field reversals.

T




III. EXPERIMENTAL BESULTS

We have implemented this principle of periodic reversal of magnetization,
following two different approaches: 1) electrical serpentine circuit, and

2} a novel periodic permalloy structure.

ELECTRICAL SERPENTINE CIRCUIT

Although this part of our investigation does not involve any fundamentally
new idea, as it closelv follows Tien's work, it enabled us to make certain
interesting observations which will now be discussed. The circuit design
which we used is schematically illustrated in Fig. 1. It consists basically
of two screws of appropriate size and thread, mounted parallel to each other
on a rigid aluminum frame, around which a solenoid wire is wound in an alternate
fashion. The use of 2 screws of different pitch produces a circuit with vari-
able periodicity. Electrical connections can easily be made in such a way
that the number of periods activated can be changed. The magneto-optic film
to be analyzed is gently pressed, face down, on the wire grid. The structure
is easy to construct, proves to be a convenient testing tool, and works
surprisingly well. Fig. 2 shows the modulated TE output after propagating in
a Gd-5 Gal iron garnet film of thickness 8.4 um on a GGG substrate, when an
AC current of frequency 2 = 60Hz is fed irnio a circuit comprising 8 periods.
Eighty-two per cent depletion was measured for a peak current of 1.3 amp.

The periodicity # of the circuit was designed to fit an experimentally

measured guided inlex mismatch Ang v1.15 x 10-3 between the modes TE5 and

TMS:

(13)




where Ac = 1.15 um is the free-space wavelength of cthe He-Ne laser radiation
used in these experiments.
If the output is passed through an analyzer witli azimuth 6 relative to

<l g . ; | : : . . 4
the original polarization direction, the intensity detected is given by:

2 2
o 3 - g 2
ID cos 0 le cos 20 + (1/2) Tl

*
(Tll + Tll) sin 26

¢ (14)

where the Tij's are the matrix elements deiined in Eq. (3). Egs. (4) show
that le contains the moduleting frequencies €, 32, 52, etc., while Tll
contains 0, 20, 4, etc.

After isolating the various components of tne photomultiplier output by
means of an electronic filter, the §- and 29 terms are shown in Fig. 3 to
vary as cos 20 and sin 20, respectively, in agreement with Eq. (14).

The B-H curve of the magneto-optic guide is shown in Fig. 4 for two
orthogonal directions in the phase of the film. The direction of propagation
of light was chosen to coincide with the easy axis. It is seen that saturation
is achieved with an applied field HS of about 1.5 O0e. With reference to Fig,
5, it can be argued that the onset of modec conversion will occur at a
threshold current Io for which some portions of the film just underneath the
wires experience a magnetic field at least equal to HS = 1.5 Oe. As the
current I increases, the unused portions of the filin (shaded areas in Fig. 5)
should decrease in size and the conversion efficiency is expected to go up,
This is indeed what happens, as evidenced in Fig. 6. The DC conversion
efficiency reached 92% for a current of 2 amps.

With the geomet;y indicated in Fig. 5, the longitudinal magnetic field

directly under a wire can be written as:

'




I m 2 -1
H =~ {1+ 2 % (ST [ (AR LT o) (15)
L 2th ]

m=1,2,3,...

where h is the distance between center of wire and surface of the film. 1In
Eq. (15), the influence of all neighboring wires is taken into account. The
condition HL 5 Hs gives a threshold current Ioz

I, = 2thH {1+2 ¢ (-)™ [(my2m? + 177171 (16)
m

The photographs in Fig. 7 show the TM output vs. current in the circuit when
the film is directly against the wires (picture A) and when a piece of paper
about 6 mils thick is sandwiched in between. The threshold current is seen
to be v 0.3 A and 1 P, respectively. Using the values 200 and 400 microns
for the parameter h, which corresponds roughly to the physical dimensions of
the wire and the paper spacer, Eq. (16) gives 0.13 A and 0.77 A, in reasonable
agreement with experimental values considering the crudeness of the model.

By varying the number of periods activated in the electrical circuit,
keeping the current constant, we have tested the validity of the matrix
formulation discussed in section II. As shown in Fig. 8, excellent. agreement
betwecen experiment and theory is obtained for the TEs + TM5 mode conversion,
with an "effective" optical rotatory power Y of 150°/cm. The intrinsic
value of y is believed to be somewhat higher since, as noted earlier, some
fraction of the total interaction length remains unused. A reasonable
agrecment was also obtained (see Fig. 9) for the two immediately adjacent

sets of modes; their‘measured mismatch Ang was 1.4 x 10-3 and 9.2 x 10'-4

~

for the mode order N = 6 and 4, respectively,




III. 2. FPERIODIC PERMALLOY STRUCTURE

In this study, we used a magneto-optic film of same composition as
before, but of thickness 6.4 ym. Our experiments concern TE and TM modes of
order N = 3, which had a measured mismatch Ang of (1. 25 + 0.2) x 10-3.

The periodic reversal of magnetization was accomplished by a novel
technique, which features a periodic permalloy structure deposited on a
transparent wafer L rought in close proximity to the magneto-optic film.

By properly biasi y tic device with an extcrnally epplied magnetic field,
we have observed a DC conversion efficiency of (80 + 2)%. The Preliminary
results of our investigation was summarized in a pover, to be submitted for
publication in Applied Physics Letters, which is enclosed at the end of
this report under the title, "Mode Conversion in Magneto-Optic Wavequides
Subiected to a Pericdic Permalloy S*ructure", and which we refer to at this

point.
IV. CONCLUSIONS

In the first quarter, we reported that a maximum TE 7 T™ mcde conversion
2fficiency of only v 1% was obs~rved in the (Gd.SYZ'S)(Fe4Ga1)O12 garnet thin
tilm waveguide grown at IBM Research.

During this second quarter, we have successfully raised vhe efficiency,
by periodically reversing the magnetization in the film guide, to 92% and 80%
respectively, with two different device implementations: the first one utilizes
an electrical serpentine circuit, and the other a novel periodic permalloy

structure.

Both devices can be used as optical switches and modulators. However,

further study on their switching speed has to be pursued.




g
For applications such as isolators and gyrators, the permalloy
structure may prove to be advantageous since, unlike the serpentine circuit,
it does not require a constant supply of electric current.

Further studies on the permalloy structure will be aimed atl:

(i) high speed switching
(ii) improvement of conversion efficiency to above 901%

(1ii) correlation of magnetic domain Structure with optimum conversion

conditions.
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APPENDIX

In the matrix formulation, the mode conversion efficiency is obtained

from Eqs. (2) and (3) after setting Ey(O) = 0:

[ (2)]/8,(0) = | sinx | sin ¢/2 , (A1)
where:
¢ = OBz (A2)
2
sinx = (2a)/(1 + a”) (A3)
- _ 1 _ 2 2.1/2
a (26)/{(5x ey) [(ex ey) + 487) ) (A4)

AR = B, - B_ is the differeice in the propagation constants of the two

normal modes such that:

28 2m e N 2 2
8y - B_ =k " [le, -2 )7 + 487)

1/2 (A5)

where k0 is the free-space propagation constant. Setting B+ p S IR 2koﬁ,
where n is the average refractive index of the magneto-optic material, Eq.

(A5) can be rewritten as:

1/2

= 2
ABw=if - B = (6k°/2n) {[(ex = sy)/25] + 1} (n6)

+

The optical rotatory power Yy is related to the off-diagonal elemenc 6 cof the

dielectric tensor by:
¥ = (koa)/zﬂ (A7)

Let us define a coefficient B such that:

B 2 AB/2y




The guantity (cx - ey)/26 appearing in Eq. (A6) can be transformed:

(e, - €)/28 = (n - n )2n = AB/21k 6/2n) = AB/2y = B (A8)

If follows from Egs. (A2), (A6), (A7) and (A8) that:

sin ¢/2 = sin [yz (1 + 82)1/2]

Combining Egs. (A4) and (A8), one has:

1/2

a = 1/[B - (1 +Bz) ]

2,1/2 2.1/2

ol =2 (1 +8 1/1(1 + BY)

..B]

sing | = 2]al/(1 + o) = (1 + B%)1/2

Substituting (A9) and (Al0) back inte (Al) leads to:

lEy(z)|/Ex(O) =1+ )™V gin vz a + 82 (A11)

where one recognizes the standard result derived from coupled mode theory.3
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FIGURE CAPTIONS

1)

2)

3)

4)

5)

6)

7)

8)

9)

Schematic of electrical serpentine circuit.

TE nutput modulation. Lower trace is 60-Hz AC current, with a scale of
1.5 amp/vertical division. Middle trace is zer» line, indicating a
depletion ratio of B82%.

60-Hz and 120-Hz signuzl vs. analyzer aximuth. Theoretical depe.dence is
sin 20 and cos 2u, respectively.

B-H curve of magneto-cptic waveguide for two orthogonal directions in
the plane of the film.

Illustration cf partial magnetization of‘film.

Conversion efficiency vs. current in an 8-period circuit.

Oscillogi2phs of TM signal vs current: (a) film directly against
serpentine circuit; (b) 6-mil spacer sandwiched in between.

TES > TM5 conversion efficiency vs. number of periods. Full circles
are expgrimental da:a. Solid curve is theory with an effective rotatory

power of 150°/cm.

Conversion efficiency vs. number of periods: (a) TE6 -+ TM6; (b) TE4 > TM4.

£0lid line is the theoretical curve.
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MODE CONVERSION IN MAGNETO-OPTIC WAVEGUIDES
SUBJECTED TO A PERIODIC PERMALLOY STRUCTURE

by

S. C.~C. Tseng
A. R. Reisinger
E. A. Giess
C. G. Powell

IBM Thomas J. Watson Research Center
Yorktown Heights, New York

ABSTRACT

A new method to achieve period:c reversals of magnetization, necessary
to attain high mode conversion effic'encies in magneto-optic waveguides,
is described. It is accomplished by .eans of a periodic permalloy
structure overlaying the optical propuszation path., With proper bias
fields, we have observed an optimum D. conversion efficiency of (80 t 2)%

at 1,15 ym in a Gd 5Gal iron garnet film guide.

This work is supported by Advanced Research Projects Agency, under
contract #N00014-73-C-0256.
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The eﬁficiency of the mode conversion process in magneto-optic
thin film waveguides grown on isotropic substrates is limited to
typlcally a few percent, due to the mismatch betwees the phase
velocities of TE and TM modes. It is known that this limitation can
be overcome by periodically reversing the magnetic domains along the
direction of propagation of light at locations where the phase
difference between "free" and "forced" waves reaches 180° or a multiple
t:hereof.1 This principle was implemented by Tien et all in the form
of an electrical serpentine circuit with appropriate periodicity,

In this letter, we report a new method to achieve the desired
periodic reversal of magnetic field. It is accomplished by means of
rectangular islands of permalloy deposited in a periodic pattern on
a cransparent wafer, The structure is equivalent to a chain of small
permanent magnets, giving rise to an external magnetic field that is
spatially modulated in sign and ampiitude.

The experimental arrangement is shown in Fig. 1. The magne to-
optic waveguide was a (Gd.SYZ.SX?eAGal)Olz film grown by liquid phase
epitaxy on a chemically polished GGG substrate. The magnetization
lay in the plane of the film, with a measurecd 4mM of ~ 200 Gauss.
Input and output grating couplers, with a period of 1,2 um, were fabri-
cated on the film's surface,

The 1.15 um output of a He-Ne laser wes coupled in the film,

which had a thickness of 6.4 pym and an index of 2.14. The experiments

described below concern TE and TM modes of order N=3. By simultaneously




exciting both these modes and measuring the angular separation of

the two outputs, the mismacch AB between the propagation constants
was estimated to be AB = (68 t 11) cm-l, meaning that the longitudinal
magnetic field should be reversed every 18 mils (w/AB).

To provide this periodic reversal, a permalloy film approximately
3500 ; thick, was sputtered on a c~cut sapphire wafer and photo-
lithographically etched into a periodic array of rectangular islands.
The dimensions of the rectangles were 18 mils and 36 mils in the
longitudinal and transverse directions, respectively, with a periodicity
A= 36 mils.2 The resultant structure was then brought in contact with
the waveguide, the permalloy facing the film, and the two pieces
were gently clamped together.

The TE3 mode was excited at the input grating and the output was
investigated under the following different conditions: (1) optimum
D.C. bias for maximum conversion, (1i) A.C. field in addition to the
D.C. bias, and (1ii) zero field. 1In these experiments, the inter-
acticn length was 9 mm, corresponding to 10 periods of the permalloy

structure,

(1) Optimum D.C. Bias. Two setq of Helmholtz coils were used

Yo apply extermal D.C. magnetic fields in both longitudinal and trans-
verse directions, as shown in Fig. 1. Although conversion occurred
over a fairly wide range of applied magnetic field intensities, the
optimum result was obtained with 1 Qe in the longitudinal and 2.4 Oe

in the transverse direction, as measured with a gaussmeter probe

(with zero current in the coils, the stray magnetic field was found

T L T S ————
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to be =0,15 Oe longitudinal and -0.5 Oe transverse). Fig. 2a shows
the TE3 output when the device was subjected to the stray magnetic
field alone., Under the optimum bias conditions, the TE3 output was
considerably depleted and most of the energy emerged in the TM3 mode,
as evidenced in Fig. 2b. The measured cénveraion efficiency was
(80 = 2)2.

The mode conversion process can be described by:3

ETE (L) ETE(0)

kT hrdtdrd — - @

E (L) £7(0)
where T+ (A/2) and T (A/2) are the transmission matrices describing
propagation vver a half period (A/2) = w/AB for a longitudinal field
in the positive and negative directions, respectively. These matrices
are defined by:

\,'

-j cos ¥ = sin ¥ -} cos ¥ sin ¥
o (A/2) = ) T (A/2) =
sin ¥ J cos x 1t . -sin ¥ 4 cos x‘J

where ¥ = 2y/AB, Y being the coupling coefficient, or optical rotatory
power. For a total distance L = 10A, the matrix product (T+ , T )
repeats itself 10 times. Setting ETM(O) = 0 at the irnput, ve have
ETE(10A) = ET2(0) cos(20 x) and ETT(LOA) = -j ETE(0) 6in(20 x). A
conversion efficiency of 80% leads to an effective rotatory power y

of 110°/cm and an off-diagonal permittivity €1 in the order of i




1.4x154. Eq. (1) 1s found to fit the experiment reasonably well

when the number of periods was varied along the propagation path.

The fact that the conversion efficiency began to decrease for an
interaction length beyond 10 periods can probably te ascribed to a
slight deviation of the periodicity A from its ideal value 2m/A8.

We believe that a more accurate choice of periodicity could result in
a still higher efficiency.

We also observed that the mode conversion disappcared when
either one of the externally applied fields became too strong
(exceeding about 5 Oe longitudinal and 10 Oe transverse). It is
attributed to the fact that too strong a longitudinal field tends to
override the periodic field created by the permalloy structure, whereas
a strong transvrcse field will align the moments in a direction that
does not induce conversion.

(i1i) A.C. Field in Addition to D.C. Bias. With a D.C. bias

of 1.4 Oe longitudinal and 2,1 Oe transverse, an A.C. field was
superposed in the transverse direction. Fig. 3 shows the TE3 and
TM3 outputs, with a 723 modulation ratio about 70% for an A.C, field
of 2.9 Oc r.m.8. at 60 Hz., It is not entirely clear why the
efficiency was slightly lower than in the D.C. experiment.

(1ii1) Zero Field, 1In this experiment, the two sets of coils
were used to cancel the stray fields to zero at the site where the
device was subsequently mounted. No mode conversion was observed

in this initiall§ relaxed state, When a D.C., mag etic field was

applied in the transverse direction and then gradually 1reduced to




zero, we observed a conversion of about 48% which persisted

indefinitely until a transient perturbing field was applied. No

similar effect occurred when the D.C. field was applied in the

longitudinal direction and then reduced to zero.

Although a complete understanding of these results would
require a detailed knowledge of the domain structures of both the

permalloy aund the garnet film, our interpretation 1s as follows,

Prior to etching, the permalloy layer did not exhibit any preferred

direction in i-g plane, However, the shape anisotropy of the periodic

St.ucture obtained after etching creates ap easy axis in the transverse

direction (the transverse dimension of each rectangle is twice as

large as the longitudinal one), A correspondingly stronger de-

magnetizing field may prevent the periodic structure from remaining

magnetized longitudinally at zero applied field, By contrast, a

transverse D.C. field will first saturate all the permalloy islands

in that direction; as the field is reduced to zero, it 18 possible

that the structure may relax from the parallel to an antiparallel con~-

figuration, thereby reducing the magnetostatic energy. 1If 80, g

periodically reversed longitudinal field will exist in the regions

between the permalloy islands, while a transverse field will prevail

directly underneath them, Since only half the total length (regions

with longitudinal field) contributes to mode conversion, the

efficiency is expected to be reduced by a factor of 1/2, This was

approximately the case in our experiment,

Finally, it can be calculated that the decay constant of the

-

R T pe—
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evanescent fleld protruding outside the magnetic waveguide 18 about
1000 R. I is, therefore, unlikely that the mode conversion takes
place in the permalloy 1itself, rather than in the garnet film. In
an attempt to verify this contention, we sandwiched a piece of black
paper, 5 mils thick, between the permalloy structure and the film,
Under these conditions, we still observed a conversion efficlency of
15%, despite the reduction in intensity of the field sensed by the
magnetic waveguide,

In conclusion, we have observed efficient mode conversion in a
magneto-optic film wavsguide subjected to the magnetic field
generated by a periodic permalloy structure. The coils used in
these experiments to apply D.C. bias fields could certainly be re-
placed by small permanent magnets. This solution would be more
compatible with integrated optical technology and would permit
efficient D.C. conversion without any need for electrical currents.
In addition to A.C. modulation, the existence of mode conversion over

a finite range of applied magnetic fields may lead to interesting

coincident switch applications.
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FIGURE CAPTIONS
1) Experimental configuration.
2) Far field radiation emerging from the output grating.
(a) unconverted TE3 output; (b) depleted TE3 and converted TM

3
modes under D.C. magnetic field bias of 1.0 Oe longitudinal and 2.4 Oe

transverse,

3) 60-Hz modulated outputs of TE3 (a) and TM3 (b) modes, The 900-Hz

modulation is the chopping frequency. D.C. bias is 1.4 Oe longitudiral
and 2.1 Oe transverse. Lower traces proportional to superposed

transverse A.C, field of 2.9 Oe r.m.s.
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